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At the atomic-cluster scale, pure boron is markedly similar to carbon, forming simple planar molecules and cage-like fullerenes.Theoretical studies predict that two-dimensional (2D) boron sheets will adopt an atomic configuration similar to that of boron atomic clusters. We synthesized atomically thin, crystalline 2D boron sheets (i.e., borophene) on silver surfaces under ultrahigh-vacuum conditions. Atomic-scale characterization, supported by theoretical calculations, revealed structures reminiscent of fused boron clusters with multiple scales of anisotropic, out-of-plane buckling. Unlike bulk boron allotropes, borophene shows metallic characteristics that are consistent with predictions of a highly anisotropic, 2D metal.
B
onding between boron atoms is more complex than in carbon; for example, both twoand three-center B-B bonds can form (1) . The interaction between these bonding configurations results in as many as 16 bulk allotropes of boron (1) (2) (3) , composed of icosahedral B 12 units, small interstitial clusters, and fused supericosahedra. In contrast, small (n < 15) boron clusters form simple covalent, quasiplanar molecules with carbon-like aromatic or anti-aromatic electronic structure (4) (5) (6) (7) . Recently, Zhai et al. have shown that B 40 clusters form a cage-like fullerene (6) , further extending the parallels between boron and carbon cluster chemistry.
To date, experimental investigations of nanostructured boron allotropes are notably sparse, partly owing to the costly and toxic precursors (e.g., diborane) typically used. However, numerous theoretical studies have examined twodimensional (2D) boron sheets [i.e., borophene (7) ]. Although these studies propose various structures, we refer to the general class of 2D boron sheets as borophene. Based upon the quasiplanar B 7 cluster (Fig. 1A) , Boustani proposed an Aufbau principle (8) to construct nanostructures, including puckered monolayer sheets (analogous to the relation between graphene and the aromatic ring). The stability of these sheets is enhanced by vacancy superstructures (7, 9) or out-of-plane distortions (10, 11) . Typically, borophene is predicted to be metallic (7, (9) (10) (11) (12) or semimetallic (10) and is expected to exhibit weak binding (13) and anisotropic growth (14) when adsorbed on noble-metal substrates. Early reports of multiwall boron nanotubes suggested a layered structure (15) , but their atomic-scale structure remains unresolved. It is therefore unknown whether borophene is experimentally stable and whether the borophene structure would reflect the simplicity of planar boron clusters or the complexity of bulk boron phases.
We have grown atomically thin, borophene sheets under ultrahigh-vacuum (UHV) conditions (Fig. 1B) , using a solid boron atomic source (99.9999% purity) to avoid the difficulties posed by toxic precursors. An atomically clean Ag(111) substrate provided a well-defined and inert surface for borophene growth (13, 16) . In situ scanning tunneling microscopy (STM) images show the emergence of planar structures exhibiting anisotropic corrugation, which is consistent with first-principles structure prediction. We further verify the planar, chemically distinct, and atomically thin nature of these sheets via a suite of characterization techniques. In situ electronic characterization supports theoretical predictions that borophene sheets are metallic with highly anisotropic electronic properties. This anisotropy is predicted to result in mechanical stiffness comparable to that of graphene along one axis. Such properties are complementary to those of existing 2D materials and distinct from those of the metallic boron previously observable only at ultrahigh pressures (17) .
During growth, the substrate was maintained between 450°and 700°C under a boron flux between~0.01 to~0.1 monolayer (ML) per minute [see supplementary materials for details (18) ]. After deposition, in situ Auger electron spectroscopy (AES; Fig. 1C ) revealed a boron KLL peak at the standard position (180 eV) superimposed on the clean Ag(111) spectrum. We observed no peaks due to contaminants, and none of the distinctive peak shifts or satellite features characteristic of compound or alloy formation ( fig. S1 ).
After boron deposition at a substrate temperature of 550°C, STM topography images (Fig. 1D ) revealed two distinct boron phases: a homogeneous phase and a more corrugated "striped" phase (highlighted with red and white arrows, respectively). Simultaneously acquired dI/dV maps (where I and V are the tunneling current and voltage, respectively) of the electronic density of states (DOS), given in Fig. 1E , showed strong electronic contrast between boron sheets and the Ag(111) substrate and increased differentiation between homogeneous and striped islands. The relative concentration of these phases depends upon the deposition rate. Low deposition rates favored the striped phase and resulted in the growth of striped-phase nanoribbons (blue arrow, also fig. S2 ). At higher deposition rates, we observed more of the homogeneous islands ( Fig. 1 , F and G). Increasing growth temperatures favored the striped phase, suggesting that the homogeneous phase is metastable relative to the striped phase. Both phases exhibited threefold orientation degeneracy with respect to the substrate, as confirmed by low-energy electron diffraction ( fig. S3 ). The island size for both phases resembles that of graphene grown on Ag(111) (19) .
At boron coverage approaching 1.0 ML, the substrate is completely covered by boron sheets and sparse clusters (Fig. 1, H and I) .
High-resolution STM images show anisotropic atomic-scale features for both phases. The homogeneous phase ( fig. S4 ) appears as atomic chains (0.30 nm periodicity) with periodic vertical buckling, a short-range rhombohedral Moiré pattern, and a longer-range 1D Moiré pattern ( fig. S4 ). The striped phase (Fig. 1J) consists of a rectangular lattice commensurate with regions of striped corrugation. The rectangular structure (inset) is defined by vectors a and b of lengths 0.51 nm (±0.02 nm) and 0.29 nm (±0.02 nm), respectively. Within the striped regions, the in-plane periodicity parallel to the a vector is reduced by the increased out-of-plane corrugation associated with the stripes. However, the periodicities along the stripes match those of the rectangular lattice in the b direction. Further analysis [see supplementary text (18) ] shows that the striped regions are simple distortions of the rectangular lattice that maximize the number of ideal boron adsorption sites ( fig. S5 ). The formation of these stripes was temperature-dependent, with fewer stripes observed at 450°C and almost complete stripe coverage at 700°C. This is consistent with a progressive, thermally driven relaxation of the rectangular lattice into more favorable adsorption sites.
Rotationally misaligned striped-phase islands coalesce via defects that accommodate the anisotropic corrugations to form a complete monolayer ( fig. S5 ). As shown in Fig. 1K , the striped regions exhibited Moiré patterns with rhombohedral (~8 nm period, marked by white rhombus) or, far less commonly, honeycomb (indicated by purple arrow) symmetry. These observations indicate the possibility of at least two well-defined long-range structural relationships between borophene and Ag(111). The borophene superstructure is evidently more complex than planar 2D materials such as BN, which forms a well-defined nanomesh on transition metals (20, 21) due to substrate interactions. The mildly attractive B-Ag interactions, (21) result in enhanced corrugation and substrate-stabilized structural variation in borophene, providing additional degrees of freedom for functionality beyond those of conventional 2D materials.
Frequently, borophene growth over the substrate step edges is observed [i.e., "carpet mode" growth (22) ], as in Fig. 1L . This continuity of the atomic-scale structure over the step (inset) suggests that the borophene is structurally distinct from the underlying substrate.
These experimental results are further elucidated by ab initio evolutionary structure prediction with the USPEX algorithm (23, 24) , which minimizes the thermodynamic potential of the system using density functional theory (DFT). Structures calculated with varying concentrations of Ag and B atoms on the Ag(111) substrate show surface segregation of B ( fig. S6) , indicating that the formation of a B-Ag surface alloy or boride is highly improbable (16, 25) . Additional calculations predict likely monolayer ( fig. S7 ) and bilayer ( fig. S8 ) borophene structures on Ag(111), although height measurements (see following discussion) supported a monolayer model.
The lowest-energy monolayer structure is shown in Fig. 2, A and B, and is constructible from distorted B 7 clusters using the Aufbau principle proposed by Boustani (8) . The symmetry (space group Pmmn) and calculated lattice constants agree well with the STM data, with a and b equal to 0.500 nm and 0.289 nm, respectively. Comparison between simulated (Fig. 2C ) and experimental STM topography images (Fig. 2D, also  fig. S7 ) gives excellent agreement, as do electron diffraction data ( fig. S3 ). Freestanding relaxation of this structure removes the slight corrugations along the a direction, but preserves the buckling along the b direction ( fig. S7 ). The freestanding sheet may exhibit instability against longwavelength transversal thermal vibrations ( fig.  S7 ), which may contribute to the observed stripe formation and would likely distort the structure of the borophene sheet upon removal from the growth substrate. This substrate-induced stability frames borophene as an intermediate class of templated, covalently bound sheets with properties distinct from those of conventional 2D materials and more consistent structure than that of supported silicon phases (26) .
Electronic band structure calculations (Fig. 2E ) within the 2D Brillouin zone of the relaxed, freestanding monolayer (inset) predict metallic conduction (i.e., bands crossing the Fermi level) along the G -X and Y-S directions (parallel to the uncorrugated a direction). However, the out-of-plane corrugation along the b direction opens a band gap along the G -Y and S-X directions. As a result, borophene is a highly anisotropic metal, where electrical conductivity is confined along the chains. The calculated DOS (Fig. 2F) is likewise metallic (9, 11) .
This structure also results in substantial mechanical anisotropy ( fig. S7 ). Owing to the strong, highly coordinated B-B bonds, the in-plane Young's modulus (a measure of stiffness) is equal to 170 GPa·nm along the b direction, and 398 GPa·nm along the a direction, which potentially rivals graphene, at 340 GPa·nm (27) . Furthermore, the out-of-plane buckling results in negative values for the in-plane Poisson's ratio (equal to -0.04 along a and -0.02 along b), resulting in unusual properties, such as in-plane expansion under tensile strain.
The apparent topographic height of the boron islands in STM depended upon scanning parameters, with the islands appearing as depressions for sample biases <3.2 V (compare the images in Fig. 1, D and F) . This observation is attributed to the inherent convolution between topography and electronic structure in STM measurements. Similar inversion is observed for NaCl islands (28) and graphene (19) on Ag(111). However, crosssectional, aberration-corrected scanning transmission electron microscopy (AC-STEM) unambiguously shows that the boron phase is atomically thin and structurally distinct from the Ag(111) growth substrate. AC-STEM sample preparation is detailed in fig. S9 . Images acquired with the highangle annular dark field (HAADF) detector (Fig. 3A) are sensitive to the atomic number Z (contrast~Z 3/2 ) and show minimal contrast at the interface between the Ag(111) substrate and amorphous SiO x capping layer, which is consistent with the lack of electron scattering from the low-Z boron. Nevertheless, electron energyloss spectra confirm that the boron lies at the Ag (111) surface (fig. S11 ). Annular bright field (ABF) images (Fig. 3B and fig. S10 ), which are sensitive to light elements such as boron (29) , revealed a planar structure (indicated by a purple arrow) at this interface. The observed contrast and structure are consistent with a simulated ABF image of the borophene structure model (Fig. 3C) . Measured sheet thicknesses of~0.27 tõ 0.31 nm match both the monolayer structure model and multiwalled boron nanotubes (15) .
X-ray photoelectron spectroscopy (XPS) measures both sample composition and the oxidation state of the species present. Although the borophene islands persisted under ambient conditions ( fig. S12 ), the emergence of higher-binding energy features in the XPS B 1s core-level spectra (Fig. 3D) demonstrate that bare samples (black curve) were partially oxidized within several hours in ambient conditions. However, this oxidation was impeded by an amorphous silicon/silicon oxide capping layer (red curve), which delayed oxidation for several weeks (blue curve). The unoxidized, capped sample is fit by two Voigt components, which reflect the differences in chemical environment between the low-and highbuckled atoms. Increasing the photoelectron detector angle from the sample normal enhances XPS surface sensitivity, thereby selectively probing the surface and subsurface. The normalized, integrated components of angle-resolved XPS spectra on silicon-capped borophene are plotted in Fig. 3E . With increasing emission angle, the relative intensities of the carbon, silicon, and boron peaks increased, whereas the silver peak diminished. These results confirm the structure shown in the inset schematic, corroborating our AES, STM, and STEM results. Additional XPS data are given in fig. S13 .
As shown above, theoretical predictions of the borophene structure forecast metallic characteristics. However, all known bulk boron allotropes are semiconductors at standard conditions, only becoming metallic at extremely high pressures (17) . Scanning tunneling spectroscopy (STS) confirms the metallic characteristics of borophene through I-V curves (Fig. 4A ) and dI/dV spectra (which measure the local electronic DOS, Fig.  4B ). These show gapless (i.e., metallic) behavior consistent with the superposition between the Ag(111) surface (30) and the predicted filledstate population in borophene (Fig. 2G ). These observations are likely to motivate and inform further studies of metallicity and related phenomena in 2D boron polymorphs.
